We present a detailed study of the Na I line strength index centered in the Kband at 22100 (NaI2.21 hereafter) relying on different samples of early-type galaxies. Consistent with previous studies, we find that the observed line strength indices cannot be fit by state-of-art scaled-solar stellar population models, even using our newly developed models in the NIR. The models clearly underestimate the large NaI2.21 values measured for most early-type galaxies. However, we develop a Na-enhanced version of our newly developed models in the NIR, which -together with the effect of a bottom-heavy initial mass function -yield NaI2.21 indices in the range of the observations. Therefore, we suggest a scenario in which the combined effect of [Na/Fe] enhancement and a bottom-heavy initial mass function are mainly responsible for the large NaI2.21 indices observed for most early-type galaxies. To a smaller extent, also [C/Fe] enhancement might contribute to the large observed NaI2.21 values.
INTRODUCTION
Studying the absorption features in the spectra of unresolved stellar populations is crucial to assess their stellar content and chemical composition. We are however still lacking a comprehensive picture based on the line strength indices from many different elements, which would allow us to put some closer constraints on the way galaxies formed and evolved.
Among all these absorption lines, the origin and behaviour of the four strong sodium features, which are found in the optical and NIR spectral region, is particularly puzzling. The four Na absorption features in the optical and NIR wavelength range encompass the 4 doublets situated at 5890 and 5896 (NaD hereafter), at 8183 and 8195 (NaI 0.82 hererafter), at 11381 and 11404 (NaI1.14 hereafter), as well as at 22062 and 22090 (NaI2.21 hereafter), respectively. Particularly the latter two Na features have been poorly studied in the literature so far.
As pointed out by various authors (O'Connell 1976; Peterson 1976; Worthey 1998; van Dokkum & Conroy 2010; Conroy & van Dokkum 2012; Spiniello et al. 2012; Jeong et al. 2013; Smith et al. 2015b) , sodium, which is believed to be produced mainly in SNII, causes very strong absorption features in galaxies superseding by far the values measured for most stars and stellar population models. Since Na is supposedly also produced in asymptotic giant branch (AGB) stars (Mowlavi 1999) , analyzing Na features in galaxies might also lead to a better understanding of the importance of this poorly constrained stellar evolutionary phase for the total stellar content of galaxies.
For the first time, O'Connell (1976) and Peterson (1976) reported that the index values of NaD, which they measured for early-type galaxies, were much larger than what was expected from Ca and Fe indices. Later, Worthey (1998) finds enhanced Na indices for his sample of large elliptical galaxies and spheroids. While this author attributes this behaviour to an overabundance of [Na/Fe] compared to scaled-solar values, the NaD index is also found to be sensitive to age, metallicity, the interstellar medium (ISM) and the initial mass function (IMF) (see, e.g., Chen et al. 2010; Conroy & van Dokkum 2012; Spiniello et al. 2012; Jeong et al. 2013) . Recently, also Spiniello et al. (2015) concluded that the NaD index seems to be driven primarily by the [Na/Fe] abundance, and additionally to a certain extent by interstellar absorption.
On a stellar level, the NaI 0.82 doublet has long been known to be much more prominent in cool, lowmass M dwarfs than in giants (e.g., Spinrad & Taylor 1971; Carter et al. 1986 ). Hence, this index constitutes a great opportunity to constrain the low-mass end of the stellar IMF in unresolved stellar populations. Also van Dokkum & Conroy (2010) ; La ; Ferreras et al. (2013) ascribe the large values of the NaI 0.82 doublet which they measure for massive early-type galaxies to a bottom-heavy IMF, i.e. to an excess of low-to high-mass stars in these galaxies with respect to the distribution in the Milky Way. Likewise, Spiniello et al. (2015) find the NaI 0.82 doublet to be more sensitive to the underlying IMF than the NaD. Smith et al. (2015b) discusses the Na I doublet at 1.14 µm in early-type galaxies. They are able to account for the strength of this feature with theoretical stellar population models, when allowing high [Na/H] values as well as a very bottom-heavy IMF. However, Smith et al. (2015b) obtain a less extreme IMF when applying a full-spectral fitting approach, with a couple of galaxies also showing stronglensing masses that are inconsistent with a bottom-heavy IMF.
In early-type galaxies, similarly large line strength indices as for the other Na-features are observed for the pronounced NaI2.21 sodium line located in the K-band (Silva et al. 2008; Cesetti et al. 2009; Mármol-Queraltó et al. 2009 ). The same strong NaI2.21 features as found in galaxy spectra were previously only measured by Förster Schreiber (2000) for her sample of supergiants and later confirmed by Rayner et al. (2009) for supergiants and also for low mass, low-temperature dwarfs. However, for hotter dwarfs and giants, the latter obtain significantly smaller indices of the NaI2.21 than for galaxies and cool stars. These smaller indices of hotter dwarfs and giants are comparable with those found by Ramirez et al. (1997) for a sample of disk giants as well as by Silva et al. (2008) for K and M giants in Galactic open clusters.
Contrary to the situation for the NaD, absorption caused by the ISM does not play a role for the NaI2.21, since it is not a resonance line. Thus, studying the NaI2.21 might enable us to obtain a better understanding of what kind of drivers are mainly responsible for the observed excesses of Na in early-type galaxies. Furthermore, we have computed a new set of single stellar population (SSP) models in the NIR based on the empirical stellar IRTF library (Röck et al. 2015) , for which we also developed a Na-enhanced version. In this paper, we take advantage of these new models to analyze this index for an unprecedentedly large compendium of samples of early-type galaxies which we adopted from the literature.
The outline of the paper is the following. In Section 2, we describe briefly all samples of early-type galaxies as well as all the tools which we used to interpret our findings. These encompass our new stellar population models in the NIR, an auxiliary sample of theoretical stellar spectra and the Naenhanced version of our models, which make use of those spectra. We discuss the behaviour of the NaI2.21 index in early-type galaxies and propose a possible explanation for it in Section 3. Finally, we sum up the most important points in Section 4.
MODELS AND DATA
Here, we briefly describe the different samples of theoretical and observed stars and galaxies which we used for our analysis. Moreover, we shortly summarize our newly developed SSP models in the NIR and the 180 stars of the IRTF library on which they are based ) as well as their [Na/Fe]-enhanced version, see La Barbera et al., 2016b , accepted for publication in MNRAS. To measure the various line strength indices, we convolved all spectra to a common resolution of σ = 360 km s −1 , which is the upper limit of the individual velocity dispersions of the different galaxies.
IRTF library and stellar population models
We developed new single stellar population models covering the wavelength range between 8150 and 50000 at a resolution of σ = 60 kms −1 . These models use as ingredients 180 observed, mostly bright, nearby and cool, stellar spectra of the IRTF library (Rayner et al. 2009 ). This renders them much more accurate than most existing models which are based on theoretical stellar libraries like, e.g., the models by Maraston (2005) and Maraston et al. (2009) . The CvD-models, on the other hand, are based on a smaller subsample of only around 90 IRTF stars compared to our models. However, due to the limited number of stars of mostly around Solar metallicity in the IRTF library, the resulting models are only reliable for metallicities between [M/H] = −0.40 and [M/H] = 0.20 and ages larger than 1 Gyr. We computed these new stellar population models based on both BaSTI (Pietrinferni et al. 2004 (Pietrinferni et al. , 2006 and Padova (Girardi et al. 2000) isochrones as well as for various types of initial mass functions (IMF) (see Röck et al. 2015) . We additionally combined these new models in the IR with the already existing models in the optical which are based on the MILES library (Vazdekis et al. 2010 (Vazdekis et al. , 2012 . The resulting models cover the whole optical and IR wavelength range between 3500 and 50000 . The new models are available to the public on the MILES web page (http://miles.iac.es).
Theoretical stellar spectra
For the present study, we computed theoretical stellar spectra for nine different T eff − log(g) combinations corresponding to typical stages of stellar evolution which are important in the NIR (see Table 1 ). Hence, all of these theoretical stellar spectra have rather cool temperatures. The stellar spectra were calculated based on Kurucz model atmospheres (Mészáros et al. 2012 ) and the synthesis code ASSǫT (Koesterke et al. 2008; Koesterke 2009 ) for the wavelength range between 3000 and 30000 , and at wavelength steps of 0.6 km s −1 , which are constant with λ. Moreover, line absorption is included from the atomic and molecular (H 2 , CH, C 2 , CN, CO, NH, OH, MgH, SiH, SiO and TiO) files of Kurucz. The nine theoretical stellar spectra were calculated for Solar abundances as well as for [C/Fe]=0.15, since we find a strong correlation of the NaI2.21 indices with carbonsensitive features of galaxies in the optical range (see Section 3.3). For both cases, also a version with an enhancement of +0.2 dex in [Na/Fe] was computed. 2.3 Na-enhanced stellar population models
In a second step, we calculated Na-enhanced theoretical stellar spectra corresponding to the parameters of the 180 stars of the IRTF library according to Mészáros et al. (2012) . We obtained the model atmospheres by interpolating the ODFNEW4 ATLAS99 models of Castelli & Kurucz (2003) . Since these models are only available for stars with effective temperatures higher than 3500 K, we adopted a fixed temperature of 3500 K for all cooler stars in the IRTF library.
For further details about the modelling, we refer the reader to both Allende and La Barbera et al., 2016b . We computed the synthetic stellar spectra for a range of [Na/Fe], from 0 to +1.2 dex in steps of 0.3 dex, covering the spectral range from 0.35 to 2.5 µm. For a given value of [Na/Fe], we divided each Na-enhanced, theoretical, spectrum by its scaled-solar counterpart, to obtain the (multiplicative) differential response to [Na/Fe] , which is applied to the empirical stellar spectrum. This procedure was applied to all the stars in the IRTF library. For the correction for the other stellar libraries (MILES, Indo-US, CaT), we applied our local interpolation algorithm to obtain the corresponding Na responses. We smoothed the theoretical stellar spectra, adjusting the effective resolution to match the instrumental configurations of the different stellar libraries. The spectral resolution is kept constant with wavelength (at FWHM = 2.5 ), for all libraries, except for the IRTF one, which is characterized by a constant σ = 60kms −1 .
Finally, we obtained our various sets of Na-enhanced stellar population models based on the modified stellar spectra including the differential corrections for the different [Na/Fe] overabundances. We refer the interested reader to La Barbera et al., 2016b , for details about the whole procedure.
Samples of observed early-type galaxies
We combined different samples of observed early-type galaxies drawn from the literature. These samples encompass different spectral ranges and have been observed with different instruments at very different resolutions. Therefore, they are far from homogeneous. The various samples are:
(i) six elliptical galaxies and three S0 galaxies in the Fornax cluster which were observed within an aperture of radius 1/8 r eff along the observed position angle using a 1 arcsec wide slit by S08 using the ISAAC NIR imaging spectrometer at the ESO Very Large Telescope (VLT). Then, the spectra were integrated along this aperture with an unweighted spatial sampling. The observed spectral range extends from 21200 to 23700 .
(ii) twelve elliptical and S0 field galaxies which were observed by Mármol-Queraltó et al. (2009, hereafter MQ09) using the ISAAC NIR imaging spectrometer with the same configuration as used by S08 for the Fornax cluster galaxies.
(iii) 12 pre-reduced spectra of nearby (z < 0.01) quiescent spiral galaxies of mostly Hubble types S0 and Sa in the H-and K-band observed by Kotilainen et al. (2012) using the 3.5 m ESO New Technology Telescope equipped with the 1024 x 1024 pixel SOFI camera and spectrograph (Moorwood et al. 1998) . Kotilainen et al. (2012) extracted their spectra within an aperture of 1 arcsec diameter around the center of the galaxies, which corresponds to a region of around 1 kpc at the average distance of their galaxy sample. They also used a slit width of 1 arcsec, along which they summed up their spectra. From the original sample of 29 galaxies, we had to exclude the spectra for which no velocity dispersion σ was available. We further constrained the remaining sample of galaxies by obtaining their WISE (W1 − W2) and (W3 − W4) colours from the All WISE catalogue and removing all galaxies with (W1−W2) > 0.1 mag and (W3−W4) > 1.8 mag. This approach is justified by the finding that a red WISE (W1 − W2) colour is an indicator for central star formation in galaxies (Shapiro et al. 2010; Röck et al. 2015) . The finally selected sample of Kotilainen et al. (2012) includes a number of spiral galaxies with lower, near-Solar metallicity, which are of particular interest here when comparing Solar-metallicity models with the data.
(iv) 9 elliptical and spiral galaxies observed by Cesetti et al. using the X-Shooter multi-wavelength medium resolution slit echelle spectrograph (Vernet et al. 2011 ) at the ESO-VLT. Also these spectra were extracted within an aperture compatible to the other samples of galaxies using a slit width of 1 arcsec, along which the spectra were summed up in an unweighted manner. From the ESO archive, we obtained the version of the galaxy spectra which had been preprocessed by the X-Shooter pipeline. Then, we carried out a correction for telluric features based on the libraries of telluric model spectra presented in Noll et al. (2012) following a procedure similar to the one suggested by Moehler et al. (2014) . From the complete sample of 14 galaxies, we finally had to exclude three galaxy spectra since they were severely hampered by spikes. These spikes are most likely residuals which were artificially introduced during the pre-procession by the X-Shooter pipeline (see Chen et al. 2014) . For one more spectrum it was impossible to obtain a satisfactory correction for tellurics and for another spectrum no central velocity dispersion was available in the literature. That is why we ended up with a final sample of nine spectra (called Cesetti-galaxies hereafter).
(v) two massive SDSS-galaxies with σ ≈ 300 kms −1 observed by La Barbera et al. (2016) using also XShooter.La Barbera et al. (2016) extracted these spectra within an aperture of ±0.675 arcsec around the centers of the galaxies using a 0.9 arcsec-wide slit. Also La Barbera et al. (2016) just summed up the spectra along the slit within the given aperture. Since the effective radius of these two galaxies is ≈ 4.1 − 4.2 arcsec, the aperture translates into ≈ 1/6 r eff .
La Barbera et al. (2016) had selected these galaxies from the SPIDER survey (La Barbera et al. 2010) according to their abundance ratios [α/Fe]. While they chose their first galaxy XSG1 to have a high abundance ratio of [α/Fe] ≈ 0.4 dex, their second galaxy XSG2 shows a ratio of [α/Fe] ≈ 0.25 dex which is more typical for its velocity dispersion. They performed the main data reduction based on version 2.4.0 of the X-Shooter data reduction pipeline (Modigliani et al. 2010 ). For the flux calibration, sky subtraction, telluric corrections and combination of the various exposures, La Barbera et al. (2016) used their own routines.
The measured line strength indices together with the central velocity dispersions σ, ages, metallicities and abundance ratios are shown in Tables A1 and A2 in the appendix.
RESULTS
3.1 Comparison of NaI2.21 in early-type galaxies to NaI2.21 in single stars . These larger index values of NaI2.21 for cooler stars compared to their hotter companions have been extensively described in the literature (Kleinmann & Hall 1986; Ali et al. 1995; Ramirez et al. 1997; Förster Schreiber 2000) . Moreover, Rayner et al. (2009) also observe the stronger NaI2.21 features of supergiants with respect to giants of the same temperature which have been reported before by Förster Schreiber (2000) . However, Rayner et al. (2009) found the largest indices of NaI2.21 for a subsample of about half of the low-temperature dwarfs, which exhibit much larger values than the bulk of the AGB stars and the rest of the cool dwarfs. Furthermore, S08 and by MQ09 reported the generally large indices for the NaI2.21 of ETGs compared to, e.g., those of K and M giants observed in Galactic open clusters for their samples of ETGs. Also, Cesetti et al. (2009) find this excess in the index values of the NaI2.21 in their sample of 19 observed early-type galaxies. Fig. 1 shows the NaI2.21 index as a function of the Kband indices Ca I and Fe I, respectively, for the stars of the IRTF-library, our scaled-solar SSP models and the various galaxy samples. Compared to the older work by S08 and MQ09, we are able to display an increased sample of galaxies and a much larger set of comparison stars. We chose to visualize the NaI2.21 index here as a function of these two other K band indices, since the galaxies of S08 and MQ09 cover only this spectral range. Table 2 lists the definitions of the various line strength indices presented in this paper. In both the upper and the lower panel of Fig. 1 , almost all IRTF stars trace a clearly defined, rather narrow sequence. Along these sequences, the line strength indices increase while the T eff of the stars decreases from hot giants and dwarfs of around 6000 − 7000 K to cool dwarfs and AGB stars of temperatures of ∼ 3000− 4000 K. The only stars which do not fall onto these sequences are a few of the lower temperature dwarfs in the case of Ca I as a function of NaI2.21. In the case of the Fe I, a large number of dwarfs do not follow this sequence. Dwarf stars deviate from these sequences of stars visible in Fig. 1 , since they feature smaller Ca I or Fe I indices than on-sequence stars for a given value of the NaI2.21 index. Whereas the model predictions lie on the sequences delineated by the single IRTF stars, as one may expect, the galaxies follow a separate sequence which branches off at NaI2.21 values of between ≈ 2.0 and ≈ 2.5 . Hence, only the off-sequence dwarf stars are able to trace fairly well the NaI2.21 and Ca I indices of most of the galaxies. However, these dwarf stars exhibit too small Fe I indices compared to the indices measured for the ETGs.
Considering the small contribution to the total light of the model spectra of those few, low-luminous dwarf stars, it is not surprising that the model predictions coincide with the central part of the sequences traced by the indices of the IRTF stars in Fig. 1 . Hence, Fig. 1 also shows clearly that it is impossible to reproduce the observed indices of the ETGs by changing the weighting of the IRTF stars in the models in any plausible way.
We further calculated models based on a modified set of isochrones which are 200 K cooler at the tip of the red giant branch (RGB), as it might be possible that a too warm giant branch might be able to explain the too small NaI2.21 values obtained from the models compared to the observed ETGs. However, the models based on isochrones with a cooler RGB tip yield NaI2.21 values which are only around 0.05 larger than the NaI2.21 values measured from the models with underlying standard isochrones. Hence, we conclude that the temperature of the upper RGB and AGB in the BaSTI and Padova isochrones is not an issue for our analysis of the NaI2.21 index.
Furthermore, Fig.1 gives a first hint that models of an enhanced AGB star contribution will not be able to reproduce the observed galaxies. Notice that the AGB stars follow the sequence of indices in both panels of Fig. 1 , whereas the observed galaxies lie offset from them.
General behaviour of the NaI2.21 index
The left-hand panel of Fig. 2 displays the index values of the NaI2.21 determined from our SSP models of varying metallicities, IMFs and [Na/Fe] abundances and measured from our samples of galaxies as a function of age. Table 2 contains the definition of the NaI2.21 index according to Frogel et al. (2001) , which we use throughout this paper.
The ages of the galaxies of MQ09 and of Cesetti were determined by Sánchez-Blázquez et al. (2006) using the Hβ index in the optical range and a preliminary version of the population synthesis models of Vazdekis et al. (2010) . The ages of the galaxies of S08, however, were computed by Kuntschner & Davies (1998) based on the models of Worthey (1994) . Fig. 2 shows that neither our base SSP models nor the CvD models are able to fit the NaI2.21 indices of most of the observed galaxies. Their index values lie in the range between 1.9 and more than 4.3 and are thus enhanced compared to the values measured from both our scaled-solar and the CvD models. As Figure 16 in Meneses-Goytia et al. (2015) shows, also choosing different isochrones does not have a large effect on the predictions for the NaI2.21. However, Fig. 2 also shows that models of enhanced [Na/Fe] abundances yield significantly larger NaI2.21 indices compared to the scaled-solar ones, and that the former are in much better agreement with the observations. This is particularly true for models of steeper IMFs, on which the differential effect of the [Na/Fe] is larger. As an example, in Fig. 2 , we depict the set of models calculated for an underlying bottom-heavy IMF of slope Γ b = 2.8. For these models, a [Na/Fe]-abundance of 0.6 is sufficient to fit the mean NaI2.21 values of the galaxy samples of S08 and of Cesetti, while models of [Na/Fe]=0.9 are needed to reproduce the mean value of the galaxies of MQ09. Hence, we show for the first time that models with enhanced [Na/Fe] are actually able to match the large observed line strengths of NaI2.21.
Moreover, we see that galaxies located in the Fornax cluster tend to have, on average, smaller NaI2.21 line strengths than their counterparts in the field. We will further comment on this point in the section 3.4.
Apart from a small peak for young ages between 1 and 2 Gyr, the index values for the NaI2.21 predicted by our SSP models are almost constant as a function of age. However, the line strength indices increase by about 0. This behaviour of the NaI2.21 as a function of metallicity is consistent with the clear correlations between NaI2.21 and the optical metallicity indicators [MgFe] and C4668 found for the first time by S08 and MQ09, respectively. Both S08 and MQ09 also noted the correlation between NaI2.21 and the central velocity dispersion σ which we illustrate in the right-hand panel of Fig. 2 . We also show an error-weighted linear fit to all the galaxies including the 2σ error and compute a Pearson correlation coefficient of 0.56. Such a dependence is expected because of the Mg 2 -σ relation (e.g. Colless et al. 1999; Trager et al. 2000; Kuntschner et al. 2001 ) and since σ correlates with metallicity (Kuntschner 2000) . At the same time, the velocity dispersion σ is also a proxy for the galaxy mass. However, NaI2.21 clearly correlates less well with σ than Mg 2 , and there is an offset visible between cluster and field galaxies (see MQ09).
Moreover, we constructed models of an enhanced contribution of AGB stars in order to study whether the predictions of such models result in a better fit to the observed values of the NaI2.21 index. For these models, we combined a base model spectrum of 1.5 Gyr, solar metallicity and Kroupa-like IMF, which was calculated excluding all AGB stars and the corresponding part of the isochrone with a model spectrum of the same parameters computed using only AGB stars. Our standard SSP model of 1.5 Gyr contains a bolometric luminosity fraction of 32 % AGB stars. According to Maraston (1998) , at these ages, AGB stars can be however responsible for up to 70 % of the total flux in the NIR. Hence, we changed the total weight in luminosity of the model made up of only AGB stars to 70 % while reducing the weight of the model without AGB stars to 30 %. As mentioned in Röck et al. (2015) , our IRTF-based stellar population models contain in total 32 AGB stars, which should be well representative for this population.
In the left-hand panel of Fig. 2 , the black arrow at 1.5 Gyr indicates the effect of such an AGB-enhanced model on the NaI2.21 index. However, since most of the galaxies have older mean ages, we also assumed a more realistic scenario in which this young, AGB-enhanced model constitutes just 3 % in total mass on top of an old component of, e.g., 10 Gyr. According to Yi et al. (2005) and Schiavon (2007) , only between 1 -2 % and at maximum 10 % of the total mass of ETGs exists in the form of a young stellar component. . The dot-dashed blue line describes the predictions of the CvD models for Solar metallicity and a Kroupa-IMF. The green lines illustrate the NaI2.21 indices measured from various sets of our newly developed Na-enhanced models (see legend). The thin lines represent models of an underlying Kroupa-like IMF, whereas the thick lines describe the predictions of models based on a bottom-heavy IMF of slope Γ b = 2.8. Overplotted are the measurements of the same index for the early-type field galaxies of MQ09 (black dots), of the Fornax cluster galaxies of S08 (red triangles), of the X-Shooter galaxies of Cesetti (green squares) and of La Barbera et al. (2016) (black stars). For the first three samples, we also display their respective mean values including errors (large black circle, red triangle and green square, respectively). The black arrow at 1.5 Gyr marks the change in the NaI2.21 index when moving from our standard models to one with a significantly enhanced AGB star contribution of 70 % of the total luminosity. The black arrow at 10 Gyr, indicates the change in the NaI2.21 index when adding a mass fraction of 3 % of this young, AGB-enhanced component to the underlying standard SSP model of 10 Gyr. Right-hand panel: The NaI2.21 index as a function of the central velocity dispersion σ for the same four samples of ETGs. The black solid line indicates the best weighted linear fit to all the displayed ETGs, whereas the two black dotted lines show the 1 σ confidence level. The two crosses delineate the typical errors in NaI2.21 and in σ for the galaxies of S08, MQ09 and La Barbera et al. (2016) The black arrow at 10 Gyr shows the very small change in the NaI2.21 when adding such a young, AGB-enhanced component of just 3 % in total mass to the underlying old one. Results of a recent analysis by Vazdekis et al. (2016) of colours and line strengths in the ultra-violet based on newly developed stellar population models suggest that this young component might be even smaller and make up for only around 0.1 -0.5 % in mass and might also be significantly younger 0.1 − 0.5Gyr, consistent with residual star formation.
Interestingly, we find that both black arrows in Fig. 2 have only a very limited effect on the model predictions and do not improve significantly the fit of the model NaI2.21 indices to those of the observed galaxies. Hence, we are able to show clearly for the first time that the mismatch between models and observed galaxies cannot be explained by increasing the contribution of AGB stars to our models. Furthermore, models of a more bottom-heavy bimodal IMF of slope Γ = 2.8 yield indices which are enhanced by ≈ 0.2 with respect to models of a standard Kroupa-like IMF. Such a bimodal IMF is characterized by a constant slope at very low masses of m < 0.6M ⊙ , while the slope for higher masses is described by Γ = 2.8 (for more details about its exact form see Vazdekis et al. 2003 Vazdekis et al. , 2015 . La ; Spiniello et al. (2014) found a correlation between the slope of the IMF and the central velocity dispersion σ of galaxies, according to which a slope ofΓ = 2.8 corresponds to galaxies of typical around σ ∼ 300kms −1 . Spiniello et al. (2012) and Jeong et al. (2013) already reported the same effect for the NaD in the optical. However, these authors also showed that the rise in the index values observed for a bottom-heavy IMF alone is not sufficient to fully explain the large values of the NaD, in particular for massive systems with σ > 250 km s −1 . On the other hand, the NaI1.14 index seems to be significantly more sensitive to the form of the chosen IMF (Smith et al. 2015b ).
Our work shows, for the first time, that the same conclusion applies to the NaI2.21 feature, whose observed index values in early-type galaxies are too large to be reproduced correctly even by models with a bottom-heavy IMF. However, as mentioned before, if we combine a bottom-heavy IMF with significant [Na/Fe]-overabundances of 0.6 -0.9 dex, we are in fact able to fit most of the observed galaxies. It should be pointed out that a steep IMF together with a sodium enhancement of [Na/Fe] ≈ 0.6 is also very similar to the best fit found for the NaI1.14 index by Smith et al. (2015b) . However, their study is based on a different form of the underlying IMF (see Smith et al. 2015b ).
Possible drivers of the NaI2.21 index
As mentioned in Section 1, the NIR is barely hampered by ISM and dust absorption. Thus, a scenario like the one mentioned by Jeong et al. (2013) for the NaD in the optical which tries to explain the large index values by contamination due to interstellar absorption can be ruled out for the NaI2.21 in the K-band (see also Spiniello et al. 2012) .
This leaves us with the explanation that most of our galaxies are Na-enhanced, while most of our stars are not. As we have seen in the left-hand panel of Fig. 2 , our sets of models which take Na-enhancement into account indeed yield larger NaI2.21-indices. For the X-Shooter galaxies by Cesetti et al. and La Barbera et al. (2016) , we can also measure the NaD index in the optical range which has been found to be sensitive to a significant extent to Na-enhancement (Conroy & van Dokkum 2012) . The left-hand panel of Fig. 3 shows the behaviour of the NaI2.21 index as a function of the NaD index in the optical for those galaxies together with the predictions from our models. Quite surprisingly, we do not observe a clear correlation between the two indices (Pearsoncoefficient of only P = 0.55). Also the measured values for the NaD index are quite high. According to Bica & Alloin (1986) , NaD is also absorbed by the Milky Way. However, since all of our galaxies are located away from the Galactic plane, we consider the effect of Milky Way absorption to be rather small on our galaxies. According to Table 2 in Bica & Alloin (1986) , the effect of the Milky Way absorption on the NaD of galaxies is only ≈ 0.1 , if their reddening is smaller than E(B − V) < 0.2. Based on the updated reddening maps of Schlafly & Finkbeiner (2011) , we estimated the reddening on all of our studied ETGs and found a maximum value of only E(B − V) ≈ 0.08. Hence, we can safely exclude a significant effect of Milky Way absorption on the NaD of our ETGs. As the right-hand panel of Fig. 3 shows, a clear correlation is also absent between the NaI2.21 index and the optical C4668 index for the galaxies of Cesetti (P = 0.35). However, in the case of the galaxies of S08 and MQ09, the NaI2.21 index clearly correlates with the optical C4668 index (P = 0.95). This behaviour has been reported before by MQ09 based on the same galaxies which we also plotted in Fig. 3 . We ascribe the absence of a clear correlation in the case of the galaxies of Cesetti to the fact that their indices are plagued by larger errors compared to the galaxies of the samples of S08 and MQ09 which have probably been introduced by an imperfect telluric correction.
. We further assessed the question what element abundances are responsible for the absorption feature seen at 2.21 µm based on the theoretical stellar spectra and the CvD models, both of which are available for varying abundance ratios. Fig. 4 is equal to the upper panel of Fig. 1 , apart from the IRTF stars which are not displayed for better visibility. Instead, we show the indices measured for the solar and the carbon-enhanced theoretical stellar spectra and those measured from various Na-enhanced models. With the exception of the two low-temperature dwarf stars with parameters T eff = 3500 K, log(g)=5.0 and T eff = 4000 K, log(g)=4.7, all the other giant, supergiant and AGB stars fall onto the sequence traced by most of the IRTF stars in the upper panel of Fig. 1 . Hence, only those two cool dwarf stars are able to reproduce the large NaI2.21 values observed for the ETGs. Already for Solar metallicities and no enhancement in any element, the two cool dwarf stars exhibit much stronger NaI2.21 indices than all other types of stars. The thin blue arrows in Fig. 4 mark the increase caused by an enhanced [Na/Fe] ratio. The cooler of the two dwarfs shows both a larger index of NaI2.21 at Solar metallicity and a by almost a factor of two stronger rise with Na enhancement compared to its 500 K hotter counterpart. Also carbon enhancement leads to a larger NaI2.21 value in the case of the cooler dwarf star (see the thin green arrow in Fig. 4) .For the slightly hotter one, however, the NaI2.21 does not change at all when increasing the [C/Fe] ratio from 0 to 0.2 dex.
In Fig. 4 , the thick blue arrow indicating the effect of increasing Na abundances in the CvD models on the indices of NaI2.21 points in the correct direction towards the values measured for the ETGs. However, for an enhancement of ∆[Na/Fe] = 0.6 , the CvD models predict a rise of the NaI2.21 index of only ∆(NaI2.21) = 0.26 . Such an increase is too small to fit the strong NaI2.21 features observed in many galaxies. On the contrary here, as the solid and dashed black lines in Fig. 4 show, in the case of our new Na-enhanced models with a Kroupa-like IMF, a same enhancement of ∆[Na/Fe] = 0.6 leads to almost double the increase of the NaI2.21 index compared to the CvD models.
Moreover, also CvD models with supersolar [Si/Fe] abundance ratios cause an increase in the strength of the NaI2.21 feature (see thick red arrow in Fig. 4 ). This is expected, since Si I is a significant absorber in the region of the NaI2.21 (S08). However, according to Conroy et al. (2014) , the [Si/Fe] ratio does not exceed 0.2 dex in most massive galaxies. Therefore, the supersolar [Si/Fe] abundance should have only a limited effect on the NaI2.21 index.
The thick green arrow marks the almost negligible impact of carbon-enhanced CvD models on the indices. This behaviour could be explained by the fact that in our analysis of the theoretical stellar spectra, [C/Fe] enhancement affects only the coolest dwarf star. Thus, its combined effect . For all the models, the parameter age is varying between 1.5 and 17 Gyr along the black lines. Moreover, we display the sets of Solar (blue triangles), Na-enhanced ([Na/Fe] = 0.2 dex, blue circles) and Carbon-enhanced ([C/Fe] = 0.2 dex, blue squares) theoretical stellar spectra. Like in Fig.  1 , the symbols denoting these theoretical stellar spectra grow in size according to their T eff in the range 2000 − 7500 K. The thin green arrows between the stars denote the effect of Carbon enhancement, while the thin blue errors between the stars denote the effect of Na-enhancement. The thick blue, green and red arrows which share the same starting point exhibit the effects of Na, Carbon and Si enhancement (+0.3, +0.15 and +0.3, respectively) on the two displayed indices according to the CvD-models with a Kroupa IMF.
on the models is most likely significantly smaller than that of [Na/Fe] enhancement.
Since CvD models of varying abundance ratios are computed only for a Kroupa-like IMF, we cannot use these models to analyze whether the NaI2.21 index might be driven by enhanced [Na/Fe] and [C/Fe] ratios together with a bottomheavy IMF according to the individual velocity dispersions of the galaxies (see, e.g., La Ferreras et al. 2013; Spiniello et al. 2014 ) and La Barbera et al., 2016b. With our new models, it is however possible to take both larger [Na/Fe] ratios up to [Na/Fe] = 1.2 and additionally a bottom-heavy IMF into account. The combined effect of those two factors indeed results in much larger NaI2.21 indices, roughly in the range of what is observed for the ETGs. Moreover, from the theoretical stellar spectra, we saw that very cool, low mass dwarfs show a strong increase in the NaI2.21 index as a function of carbon enhancement and for two of our samples of observed galaxies (S08; MQ09), the NaI2.21 index is clearly correlated with the [C/Fe] ratio. Therefore, we speculate that a likely scenario to explain the large values observed for the NaI2.21 index in many of the examined galaxies combines the effects of [Na/Fe] enhancement and of a bottom-heavy IMF with a smaller impact of also [C/Fe] and even to some extent [Si/Fe] enhancement. Notice that by considering a bottom-heavy IMF and the additional contribution of the [C/Fe] and [Si/Fe] enhancement to the strength of the NaI2.21 absorption feature, we do not need to consider such high Na-abundances of larger than [Na/Fe] ∼ 0.9 in order to fit most ETGs. However, we cannot exclude the possibility that there exists an unknown effect which is responsible for both the strong NaI2.21 values and for the pronounced C4668 features.
Recently, Smith et al. (2015a) claimed that the combined effect of a very bottom-heavy IMF and of [Na/Fe] enhancement is needed to explain the large NaI1.14 indices observed for massive ETGs based on the theoretical CvD models. However, they also mention that both a full spectrum fit and a number of high-mass galaxies are inconsistent with such a very bottom-heavy IMF.
The role of galactic environment
Comparing the mean values of NaI2.21 for the two samples of MQ09 (field galaxies) and S08 (Fornax cluster galaxies), we measured a difference of ∼ 2.4σ (see left-hand panel of Fig. 2) . Since both the S08 and MQ09 data were acquired with the same instrument, and refer to the aperture size, this difference should not be affected by systematics. We indeed obtain the same index values (with differences ∆(NaI2.21) < 0.005 for the two galaxies NGC 1379 and NGC 1404, which have been re-observed by MQ09 in order to be able to confirm reproducibility of the measurements of S08. Hence, our result confirms the dichotomy between the two environments, which has been previously reported by MQ09. Interestingly, the Cesetti-galaxies, which are a mixture of field, group and cluster galaxies, lie in between the samples of S08 and MQ09.
We speculate that differences in the [C/Fe] abundances between field and cluster galaxies could also be at the origin of the observed dichotomy between the NaI2.21 values of the ETGs depending on their galactic environment. According to Sánchez-Blázquez et al. (2003) ; Carretero et al. (2004 Carretero et al. ( , 2007 , in denser environments like clusters, star formation happens on shorter timescales than in the field. Therefore, the relatively lower carbon in cluster galaxies compared to their counterparts in the field could be explained by the fact that the former ones had been formed before carbon was massively ejected into the interstellar medium by stars of intermediate masses. Furthermore, Carretero et al. (2007) found that the duration of star formation depends less on the environment for galaxies of higher masses than for those of intermediate and low masses. In fact, the dichotomy which we observe for the NaI2.21 index seems to be particularly pronounced for galaxies with σ < 200kms −1 (see right-hand panel of Fig. 2) , which have the smallest masses.
While it is feasible to fit the mean NaI2.21 value of the cluster galaxies of S08 with models of a bottom-heavy IMF and [Na/Fe] = 0.6, a larger [Na/Fe]-enhancement of around [Na/Fe] = 0.9 is needed to reproduce the mean NaI2.21 of the field galaxies of MQ09. Instead of assuming such a very high [Na/Fe]-ratio, a larger Carbon abundance in the field galaxies than in the cluster ones could also account for this difference.
A similar explanation was made by Spiniello et al. (2012) and Jeong et al. (2013) for the NaD index in the optical range. The latter were able to reproduce the observed large indices of the NaD based on models which combine the effects of [Na/Fe], α and [M/H] enhancement with a more bottom-heavy IMF.
CONCLUSION
In accordance with earlier work (Silva et al. 2008; Mármol-Queraltó et al. 2009; Cesetti et al. 2009 ), the values which we measure for the NaI2.21 index in the K-band for various samples of ETGs are all significantly larger than those we obtain from our scaled-solar models of varying ages, metallicities and IMFs. While absorption due to interstellar gas and dust does not play an important role in the K band, we can understand this behaviour when measuring also the NaI2.21 indices of the single stars of the IRTF library, of other theoretical stars and of [Na/Fe]-enhanced models. In a diagram of the NaI2.21 index as a function of other indices in the K-band, most of the stars form a clear sequence which is offset from the location of most of the galaxies. Only cool dwarf stars trace the location of the ETGs in such an indexindex diagram. In fact, we show that a [Na/Fe]-enhanced version of our SSP models based on an underlying more bottom-heavy IMF is able to improve the situation significantly by yielding larger index values for the NaI2.21.
Moreover, for two of our studied samples of galaxies, we see a correlation between the values of the NaI2.21 index and the [C/Fe] abundance ratios. We also show that, although AGB stars have often been claimed to be an important ingredient to explain the observed properties of ETGs in the NIR spectral range (see, e.g., Maraston et al. 2009; Meneses-Goytia et al. 2015) , an enhanced contribution of AGB stars to the models does not provide any significantly better fit to the NaI2.21 indices observed in ETGs.
Consequently, we propose a scenario in which the main discrepancy between the NaI2.21 indices measured from our standard, solar-scaled stellar population models and those of the observed ETGs can be explained by assuming [Na/Fe]-enhancement combined with a bottom-heavy IMF. We ascribe the remaining smaller difference to the effect of [C/Fe] and maybe [Si/Fe] 
Inspired by the work of Sánchez-Blázquez et al. (2003) and Carretero et al. (2004) and the fact that the NaI2.21 index seems to be affected to some extent by the [C/Fe] abundance ratio, we speculate that the dichotomy between NaI2.21 values of field and cluster ETGs could be caused by differences in the carbon abundances as a function of the environment in which galaxies reside. Table A1 . List of all ETGs studied in this paper. Column 1 gives their names, while column 2 contains their central velocity dispersions σ and column 3 their ages. In columns 4 -7, we indicate the K band line strength indices NaI2.21, Ca I, Fe I a and Fe I b (which together make up the combined index Fe I), which we have measured at a resolution of σ = 360 kms −1 . The authors which have observed the various galaxies are mentioned in column 8. Barbera et al. (2016) 
